Hibernating bats display a wide range of thermoregulatory patterns during hibernation, but to date, the majority of research on the topic has been done on cavernicolous bats. Thus, we measured skin temperature of free-living big brown bats (Eptesicus fuscus) during winter in a building hibernaculum in western Indiana. Torpor bouts were considerably shorter than bouts used by cavernicolous bats, lasting a mean of 3.3 days, whereas arousals lasted on average 5.0 h. There was a significant correlation between roost temperature and length of the euthermic period and a larger proportion of bats aroused on warm days, suggesting big brown bats might be taking advantage of warm nights to forage, although evidence for winter feeding is ambiguous in this population. As has been recorded for other noncavernicolous bats during hibernation, most individuals took advantage of partial passive rewarming during some arousals. We estimate these passive arousals could save bats, on average, 96 mg of fat over the course of a 90-day hibernation period, or enough for 16.5 days of steadystate torpor, and may therefore be crucial to survival through long periods of low temperatures and low insect availability. Overall, our results suggest that hibernation patterns in big brown bats in a building hibernaculum are more similar to those of tree-hibernating bats in the Southern Hemisphere than to cavernicolous bats in North America. Further, it appears that big brown bats display extreme flexibility in hibernating patterns, which is unsurprising given their reputation as a relatively hardy species.
To survive periods of low environmental temperatures and prey abundance, many temperate insectivorous bats hibernate to conserve energy (Boyles et al. 2007; Dunbar and Brigham 2010; Dunbar and Tomasi 2006) . Hibernation is characterized by a systematic decline in metabolic rate and body temperature (T b ) and stored body fat is generally the main energy source available to hibernators (Geiser 2004) . However, hibernation is periodically interrupted by arousals in which metabolic rate is raised to increase T b to normothermic levels, typically for several hours, before reentering hibernation. Arousals are energetically costly and some species may use 80% or more of their stored energy in arousals (Thomas et al. 1990 ). The reasons for arousals are still debated, but feeding, drinking, mating, restoration of metabolic imbalances, and other reasons have been suggested Geiser and Kenagy 1988) .
To date, the focus of research on hibernating bats in the Northern Hemisphere has been on cavernicolous bats, a trend for which there is likely to be increased incentive due to whitenose syndrome, which is causing large population declines in cavernicolous bats (Blehert et al. 2009; Boyles and Willis 2010) . However, many species in the United States hibernate outside of caves in trees, buildings, and rocks and are likely to use different strategies than cavernicolous bats to survive winter (Boyles and Robbins 2006; Brigham 1987; Mormann and Robbins 2007) . Essentially all field studies on the physiology of noncavernicolous bats during winter are from the Southern Hemisphere (Cory Toussaint et al. 2010; Geiser et al. 2011; Stawski et al. 2009; Turbill and Geiser 2008) , and no data are available for populations from high northern latitudes. These data are essential to enhance our understandw w w . m a m m a l o g y . o r g ing of the range of thermoregulatory strategies used by mammals to survive winter.
One such noncavernicolous species is the big brown bat (Eptesicus fuscus), one of the most common and widespread insectivorous bats in North America. Most aspects of its biology, including its metabolic profile during winter (Dunbar and Brigham 2010) , have been well studied. Because of their large size, big brown bats were able to carry even the early temperature-sensitive radiotransmitters, so T b of big brown bats has been well studied during summer (Hamilton and Barclay 1994; Willis and Brigham 2003) , including individuals roosting in buildings (Audet and Fenton 1988; Lausen and Barclay 2006a) . However, the temporal T b patterns of big brown bats have never been measured during winter in the field. Because such information relates to energy use (Dunbar and Brigham 2010) it may help explain how this species survives in conditions that would be unfavorable to many hibernating bat species.
It has long been known that big brown bats are active during winter (Brigham 1987; Lausen and Barclay 2006b) . We expected T b patterns considerably different than those considered typical of hibernating bats, which consist of relatively long torpor bouts. Specifically, we expected big brown bats to take advantage of the fluctuations in ambient temperature (T a ) inherent in noncave roosts to conserve energy via passive rewarming from torpor Geiser 2009, 2010) . Passive rewarming involves the use of environmental heat or social thermoregulation to entirely or partially raise T b to normothermic levels (Geiser and Drury 2003) . Many mammalian and avian daily heterotherms use passive rewarming to reduce the costs of arousal from torpor, but its use is less well known among hibernators . The ability to take advantage of passive rewarming may encourage hibernation site selection and social interactions that would promote passive rewarming from fluctuations in T a , absorption of heat from conspecifics, or solar radiation . Passive rewarming has been documented in the wild in bats during summer (Lausen and Barclay 2003; Willis and Brigham 2003) , and more recently during winter in tree-roosting species (Turbill 2006; Turbill and Geiser 2008) .
We measured T b patterns in free-ranging big brown bats during winter to determine if, as expected, their thermal physiology varies qualitatively from the cavernicolous species in the area. We expected big brown bats to arouse from hibernation more frequently than cavernicolous species and to take advantage of passive rewarming to conserve energy.
MATERIALS AND METHODS
Study site and species.-This study was conducted in the attic of the Church of the Immaculate Conception in Vigo County, Indiana (39u309N, 87u279W). This church, located at St. Mary-of-the-Woods College, is more than 110 years old. The church attic is cross shaped with an east-west axis 38.1 m long and a north-south axis of 19.5 m. Windows at the end of the north, south, and east arms allow in light, air, and occasionally small amounts of precipitation. The peak in the east-west axis, where large clusters of bats form in summer and individuals hibernate in winter, is 6.8 m high. The church is currently used and heated in the winter, so fluctuations in T a are buffered by heat rising from below. Noise from services can be heard in the attic.
Big brown bats are year-round residents of central Indiana and are one of the largest species in the area (X 5 17.7 g, range 14-22 g in the present study). They are usually found in small numbers in buildings throughout the winter and are known to move within and between hibernacula Gummer 1992, 2000) . These bats are hardy and tolerate variable environments but probably require hibernaculum temperatures above freezing (Phillips 1966; Whitaker and Gummer 1992) .
Data collection.-To monitor T b patterns, we used small (approximately 1.1-g) temperature data loggers (0.5uC resolution; iBBat, model G; Alpha Mach, Inc., Mont-St. Hilaire, Quebec, Canada) to measure skin temperature (T sk ) of bats. We set the data loggers to record every 15 or 20 min because bats can complete an arousal within 45 min (Willis and Brigham 2003) . With either recording interval, we could monitor all stages of the arousal and ensure one was not missed. We attached data loggers to the interscapular region of 20 bats in December using veterinary-grade 2-octyl cyanoacrylate (Nexaband; Closure Medical Corporation, Raleigh, North Carolina). We did not clip fur but parted it so the data logger was touching as much skin as possible. When the data logger was securely attached, bats were released and later recaptured opportunistically. Upon recapture, we held bats until data could be downloaded (with the device still attached) and the data logger reset. The result was a data set of nearly continuous T sk recordings of each undisturbed bat for 21-to 28-day periods.
Skin temperature is highly correlated with T b in small bats (Willis and Brigham 2003) , thus we could easily determine when bats were euthermic. We chose to define hibernation bouts as the time spent in steady-state torpor, which ignores cooling and arousal phases of a torpor bout, but also avoids the ambiguity involved with determining at what temperature an animal should be considered torpid (Boyles et al. 2011 ). Thus, we considered a torpor bout to begin when T sk was evenly maintained near T a (i.e., at least 2 measurements at the same T sk near T a ) and end at the 1st point where T sk began deviating from T a (i.e., a dramatic increase in T sk ). In our data set, these points were easily detectable, so we did not use arbitrary cutoff values to determine torpor and arousal bout lengths.
We monitored T a in the roost using 30 iButton thermochrons (0.5uC resolution; DS1921; Dallas Semiconductors, Dallas, Texas) placed throughout the roost. We attempted to position thermochrons at representative roost locations, but not within 1 m of hibernating bats; this protocol was adopted in order to avoid disturbance of bats due to ultrasonic sounds (Willis et al. 2009 ). Temperature was recorded every 60 min during the entire winter and was surprisingly consistent among all 30 iButtons (probably because of the heating in the church), so data were averaged across all iButtons for each hour.
Analyses were done using SPSS (version 10.0; SPSS, Inc., Chicago, Illinois). We used analysis of variance models to evaluate differences in T b patterns between males and females; sex was included as a main effect and individual was included as a covariate. Spearman correlations were used to evaluate the relationships between T a and the various torpor characteristics. All results are reported as mean 6 SD. Each individual arousal duration and torpor bout was considered independent following Park et al. (2000) . We followed the guidelines of the American Society of Mammalogists (Sikes et al. 2011 ) when handling animals and the Indiana State University Animal Care and Use Committee approved all methods (#1-6-06:JOW).
RESULTS
We recovered data from 7 (5 males and 2 females) of 20 tagged bats. We recorded data for 274 bat hibernation days with a mean of 39 days 6 28 SD per bat (range 17-81 days) from 10 December 2005 to 9 March 2006. We recaptured 3 bats multiple times (2 bats were recaptured twice, and 1 bat was recaptured 3 times). Any arousals associated with handling these recaptured bats were removed from the data set, but otherwise, the data were considered continuous.
Torpor bouts.-We recorded 56 torpor bouts with a mean of 8.0 6 4.2 per bat and, as we predicted, big brown bats displayed relatively short torpor bouts (Fig. 1) . The mean length of torpor bouts was 78.6 6 75.4 h (3.3 6 3.1 days) with a range of 0.5-294.0 h (0.02-12.25 days). Males had a mean torpor bout length of 86.7 h (3.6 d) and females had a mean of 52.3 h (2.2 d). Length of torpor bout was not significantly different between sexes (F 1 5 0.021, P 5 0.89), but was significantly different among individuals (F 1 5 11.492, P , 0.01). There was no correlation between mean T a during torpor and torpor bout length (Spearman rank correlation coefficient r s 5 0.05, P 5 0.72, n 5 56; Fig. 2) .
Arousals.
-We recorded 64 arousals with a mean of 9.3 6 4.6 per bat. Arousals generally followed the well-known pattern of a sharp increase in T sk (active arousal) followed by the maintenance of a high, stable T sk (euthermic phase), ending with a slow decline into torpor (cooling phase; Fig. 3a ). Bats warmed from torpor (0.47uC/min) significantly faster than they cooled (0.15uC/min; paired t 49 5 21.9, P , 0.01). Time taken to arouse ranged from 0.3 to 4.8 h (X 5 0.9 6 0.8 h), whereas cooling took 1.1-6.0 h (X 5 2.6 6 1.0 h). Mean duration of normothermic periods was 5.1 6 2.7 h with a range of 1.7-15.0 h. Males and females had a mean euthermic bout duration of 5.1 6 2.6 h and 5.0 6 2.7 h, respectively (F 1 5 0.366, P 5 0.547). There was a nearly significant difference in arousal duration among individuals (F 1 5 3.799, P 5 0.056). The length of euthermic bouts was positively correlated to mean T a during arousal (r s 5 0.35, P 5 0.005, n 5 64) and the proportion of bats that aroused on a given day was positively correlated to mean daily T a (r s 5 0.23, P 5 0.033, n 5 90).
We recorded at least 1 bout of passive rewarming in 5 of 7 bats (we only recorded 3 arousals for each of the 2 bats for which we did not record a passive arousal). However, no bat 
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HALSALL ET AL.-BODY TEMPERATURE OF BIG BROWN BATSever passively rewarmed completely to euthermic levels because T a never reached levels near euthermic T sk . Instead, it appears that ambient heat warmed bats partially from a mean T sk of 10.3 6 2.5uC to a mean of 17.9 6 3.7uC before they actively aroused to a mean T sk of 31.9 6 1.7uC (Fig. 3b) . Therefore, all arousals that demonstrated this pattern can be considered partial passive rewarming. Timing of arousals.-There was a tendency for bats to arouse near dusk, but arousals occasionally occurred at other times of the day as well (with the exception of between 0200 and 0500 h). Mean arousal time for all bats was 1844 h (Fig. 4) with sunset between 1730 and 1900 h over the course of the study. The largest peak in arousals occurred within 45 min after sunset (n 5 19), and 69.0% of arousals occurred after sunset but before sunrise. Mean arousal time was significantly different than random for 4 of 5 bats for which we recorded enough arousals (i.e., .3 arousals) to conduct analyses (Rayleigh's test; P , 0.001).
The energetic benefit of passive arousal.-To estimate energy savings gained from partial passive rewarming, we generated an equivalent hypothetical active arousal for each partial passive rewarming event we recorded. In the hypothetical active arousal, we assumed the bat maintained its average hibernating T sk during the period in which the bat was passively rewarming. We then calculated the cost of the warming phase of both active and passive arousals using a previously published energetic model Boyles and McKechnie 2010; Humphries et al. 2002) . Passive rewarming led to an energy savings of 19.9% 6 9.5% (range 4.0-47.0%) compared to an active arousal. Bats saved an average of 12 mg of fat per arousal when they passively rewarmed. Assuming a highly conservative 90-day hibernation period (representing the 3 months when extended periods of cold temperatures are common in the area), bats in our study would have aroused on average 28 times. Bats took advantage of passive rewarming during 29% of all arousals, so 8 passive arousals in a 90-day winter would save 96 mg of fat, which is equivalent to approximately 16 days of steady-state torpor assuming minimum torpid metabolic rates measured for this population (Dunbar and Brigham 2010) . One individual used passive rewarming in 80.0% of arousals. In this case, energetic savings would be 267 mg of fat, which is equivalent to approximately 46 days of torpor.
DISCUSSION
Our study is one of the 1st to record T sk of bats during hibernation in a building hibernaculum and the 1st in a Northern Hemisphere species outside of a cave hibernaculum. As expected, arousal frequency was higher than previously reported for most cavernicolous bat species. In a cave   FIG. 3. -Examples of an active arousal and a passive arousal in the big brown bat (Eptesicus fuscus). a) A typical arousal (bat 3 on 27-28 December 2005) including initial torpor phase followed by a sharp increase in skin temperature (T sk ) during active arousal. Next is a period of high T sk during the active phase and then the cooling phase as T sk drops. b) A partial passive arousal (bat 25 on 3-4 February 2006), which includes an additional phase that has a more gradual rise in T sk closely matching roost temperature followed by a short active arousal just after the peak daily temperature. hibernaculum, big brown bats aroused every 7-25 days (but up to 72 days- Brack and Twente 1985) , compared to our average of 3.3 days. Little brown bats (Myotis lucifugus) and tricolored bats (Perimyotis subflavus) hibernating in caves have torpor bouts of 12.4-19.7 days and 15.2-25.3 days, respectively . The exception to this pattern may be greater horseshoe bats (Rhinolophus ferrumequinum), which have torpor bouts between 0.07 and 11.75 days in caves (Park et al. 2000) . Although there is considerable variation among species, our results suggest big brown bats in this colony arouse more often than do cavernicolous bats in the area. This may be because bats in this colony hibernate in a relatively warm building or it may be an artifact of sampling methods. The present study and that of Park et al. (2000) , which also gave estimates of short torpor bouts, used continuous recording methods, whereas other studies were conducted in the laboratory at fixed temperatures or used survey methods of marking individuals' locations. The latter method can result in undetected arousals because bats may arouse and remain still or return to the same position. Importantly, the torpor bouts we recorded are roughly on par with those recorded in noncavernicolous bats in the Southern Hemisphere (e.g., Cory Toussaint et al. 2010; Stawski et al. 2009; Turbill and Geiser 2008) , suggesting the pattern of short torpor bouts may be used by many tree-and buildinghibernating species.
Interestingly, length of torpor bout was not correlated with roost temperature in our study. Other researchers have consistently shown that bats remain in hibernation longer when temperatures are colder (Avery 1985; Brack and Twente 1985; Dunbar and Brigham 2010; Dunbar and Tomasi 2006; Speakman and Racey 1989; Turbill and Geiser 2008) . We suspect this is actually the case with this colony of big brown bats as well, but suggest 2 possible explanations for our inability to detect this relationship. First, the relatively stable temperatures in the hibernaculum (12 6 1.6uC) may have made detection of a pattern difficult. With a wider range of T a s, we might have found a relationship because the few bouts we recorded when mean T a was above 14uC were always less than 6 days long, whereas bouts recorded at colder T a s were commonly longer than this (Fig. 2) . Second, the bats may have been occasionally using hibernacula other than the church attic we monitored, as evidenced by T sk values regularly below the temperature in the roost (Fig. 1) . In this case, our T a data may not be a good representation of the conditions experienced by the bats throughout the whole winter. Although mean T a during torpor bouts was not a good predictor of torpor bout length, bats were more likely to arouse on warm days, which could confer 2 advantages. First, higher torpid T b s on these days would lead to less energetically expensive arousals than on cold days. Second, bats stayed euthermic longer when T a was warmer. This may be because maintenance of a euthermic body temperature is more costly at low T a (Willis et al. 2005a (Willis et al. , 2005b or may relate to the possibility of successful foraging bouts, because this species has been shown to feed during winter in other parts of its range ).
Our data represent one of the few instances of bats passively rewarming from hibernation, although such reports are quickly increasing (Stawski et al. 2009; Turbill and Geiser 2008) . Passive arousals appear to be a regular occurrence in buildinghibernating big brown bats because 29% of the arousals we recorded included a passive component. Use of passive rewarming is limited by ambient conditions, so selection of roosts that allow passive rewarming may increase its occurrence. In all passive arousals a similar pattern was observed. Bats allowed T sk to rise with T a until the hottest point in the day. Just after peak daily T a , T sk began to decline along with roost temperature, but shortly thereafter the bat actively arose (Fig. 3b) . The declining temperature after the peak may be a cue to arouse. Bats may not arouse at peak T a but closer to dusk because the cooling T a cues that peak T a has passed. The amount of energy saved during passive arousals is sufficient to extend the hibernation period by several weeks. Thus, passive rewarming could be vital to survival for some individuals and may allow big brown bats to weather long periods of cold temperatures and low prey availability, which happen regularly in western Indiana. In addition, passive arousals may contribute to better body condition at the end of the hibernation period, which is important for reproductive success.
In summary, our results add to the growing body of literature on patterns of T b in hibernating bats outside of caves. We have shown that big brown bats hibernating at relatively high T a s show relatively short torpor bouts similar to those recorded in noncavernicolous bat species in the Southern Hemisphere and that they regularly take advantage of passive rewarming, which saves considerable energy. Further, our results show that big brown bats are capable of using a wide range of hibernation patterns, which may contribute to their ability to survive across a wide geographic range. This species is known to exhibit different thermoregulatory patterns when using different roost types during summer (Lausen and Barclay 2006a) , so future research on other noncavernicolous species, as well as big brown bats hibernating in trees and caves, will increase our understanding of the entire range of thermoregulatory strategies used by bats to survive winter.
